Energy production and storage are critical research domains where the demands for improved energy devices and the requirement for greener energy resources are increasing. There is particularly intense interest in Lithium (Li)-ion batteries for all kinds of electrochemical energy storage. Li-ion batteries are currently the primary energy storage devices in the communications, transportation and renewable-energy sectors. However, scaling up the Liion battery technology to meet current increasing demands is still problematic and issues such as safety, costs, and electrode materials with higher performance are under intense investigation. The Li-sulphur (S) battery is a promising electrochemical system as a highenergy secondary battery, particularly for large-scale applications, due to its low cost, theoretically large specific capacity, theoretically high specific energy, and its ecofriendly footprint. The Li-S battery exhibits excellent potential and has attracted the attention of battery developers in large scale production in recent years. This review aims to highlight recent advances in the Li-S battery, providing an overview of the Li-ion battery applications in energy storage, then detailing the challenges facing Li-S battery and current applied strategies for improvement in its efficiency.
Introduction
An energy economy based on fossil fuels is at a serious risk due to the continued increase in demand for oil, the depletion of non-renewable resources, and with the rate of CO 2 emissions showing a dramatic increase in the last 30 years. This increase has also resulted in a rise in global temperature and a series of associated climate changes. 1 Energy is, therefore, a vital global issue and attempts are being made to rectify current problems by utilizing new energy resources. In this regard, electrical energy storage is recognized as an essential element for both stationary and mobile power equipment. 2, 3 Electrical energy storage systems play a crucial role in managing the gap between energy generation and demand, especially for electricity generation from renewable and sustainable sources, such as solar and wind, and in portable electronics such as personal computers, cordless tools, and electric vehicles. There are several technologies available such as flywheels and compressed air, but batteries are at the forefront of energy storage systems, especially for electricity. 4 Battery Energy Storage Systems (BESSs) have appeared as promising storage technologies for power applications, offering a wide range of power system applications. The batteries are made from cells that convert chemical energy to electrical energy and vice versa.
They are rated in terms of their energy and power capacities. The amount of energy per mass or volume that a battery can deliver is a function of the cell's voltage and capacity.
Significant development is going on in the battery technology. Different types of batteries have been commercially developed, while some are still in the experimental stage. 5, 6 Safe, low-cost, high-energy-density and long-lasting rechargeable batteries are urgently needed to address important issues in energy generation, such as the increased energy consumption of portable devices. 7 Rechargeable batteries are used in portable electronics, power tools, 4 electric vehicles (EVs), and in stationary electrical energy storage (EES) for a grid supplied by wind, radiant-solar, and nuclear power. 8 Among all the types of batteries, lithium batteries have attracted the most attention because the theoretical energy density (both gravimetric and volumetric) of lithium metal is the highest for all solid electrodes. 4 Lithium-ion batteries have been under intense scrutiny over the past 20 years because of their advantages, such as high energy density, high operating voltage and low rate of self-discharge. [9] [10] [11] 
Current Li-ion batteries
Lithium-ion batteries employ lithium storage compounds as the positive and negative electrode materials. During the battery's cycling, lithium ions (Li + ) exchange between the positive and negative electrodes. Li-ion batteries have been discussed as rocking chair batteries because the lithium ions "rock" back and forth between the positive and negative electrodes as the cell is charged and discharged. 12 The working mechanism of a typical Li-ion battery is presented in Figure 1 .
Sony commercialized the lithium ion battery (LIB) first in the early 1990s. Until now, lithium-ion batteries have offered the most practical solutions to a wide variety of electrical energy storage applications, such as mobile phones, lap-top computers, MP3s, due to their high voltage, high energy density, light weight and good environmental compatibility in comparison to other kind of batteries. 9, 13 Lithium ion batteries have also found applications in satellites 14 and in biomedical device clinical trials, such as Neurostimulator, Ventricular Assist, Artificial Heart. [15] [16] [17] However, the maximum energy density of current lithium ion batteries is too low to satisfy the demands of key markets such as transport and they need to be improved. 18 Some of the major challenges facing this kind of battery are as follows: (i)
The obtainable or usable capacity is inadequate (and much lower than the theoretical limit) and diminishes with the rate of cycling; (ii) The power density is insufficient for the intended applications, especially in EVs; (iii) The energy efficiency is too low due to large polarization 5 losses for charge and discharge, with the situation worse at higher cycling rates; (iv) The cycling life is limited due to capacity fading with cycling; and (v) The price is high. Overall, the existing Li-ion batteries often suffer from deterioration in their microstructure or the architecture of the electrodes accompanied by volume expansion or contraction, phase transformation, and morphology changes of the active electrode materials during cycling. 4 In addition, safety of lithium metal oxide cathodes is an issue because of their intrinsic thermal properties. The thermal runaway is caused by the exothermic reactions between the electrolyte, anode and cathode, with temperature and pressure increasing in the battery. 19 For example, a fully charged lithium cobalt oxide can release oxygen, which oxidizes the solvent and causes the battery thermal runaway.
In order to improve the energy and power density of LIB, the use of anode materials with larger capacity and higher Li diffusion rate is required. Different materials such as nano carbon, alloys and metal oxides have been developed. Nano carbons like graphite can effectively store Li and improve storage ability due to their high surface area and morphology. Li anode can be alloyed with some elements such as Sn, Si, Al to improve the capacity and safety. But this will result in large volume change which causes cracking of the electrode and capacity fading. Metal oxides like Fe 3 O 4 , SnO 2 and CuO have been proposed as potential materials for LIB anode, but their capacity decrease rapidly because of large volume changes. 20 SnO 2 -nanofiber carbon composite 21 and Fe 3 O 4 /reduced graphene oxide nanocomposite 22 were applied as anode to deal with this issue.
The main LIB cathode materials are lithium metal oxides like LiCoO 2 which have high energy density, but they suffer from some intrinsic and safety issues in addition to high cost.
Although using nanostructured lithium metal oxides can solve some problems like low conductivity, it causes more safety issues due to higher surface area. 23 Better stability has 6 been achieved by coating the cathode LiCoO 2 with ZnO, which suppresses the cobalt dissolution. 24 Li-ion materials are currently the subject of intense research. 25 Several countries, including Japan, United States and European countries, are supporting R&D programs aimed at solving these problems in order to develop advanced and efficient LIB. 26 Indeed identifying new materials offering a better performance than those offered by the current common anode and cathode used in rechargeable Li battery is necessary. In general, the performance of any device depends on the properties of its materials; this is also true for lithium batteries. Thus, a new generation of rechargeable lithium batteries can only be achieved by a breakthrough in electrode and electrolyte materials. 1 Introducing positive electrode materials that offer higher capacity and improved safety properties, as well as negative electrode materials with improved specific energy, energy density, rate capability, and longevity are the main research and development goals in the lithium battery area. Adopting new electrolytes, additives and electrode material coatings to improve both the cycle life and calendar life of lithium batteries are also receiving increased attention. 27 Reaching beyond the horizon of rechargeable lithium batteries requires an exploration of new chemistry, especially electrochemistry, and new materials. Non-lithiated cathode materials not only exhibit higher specific capacities than lithiated cathode materials, but also provide enhanced safety as they cannot be overcharged. Rechargeable Li-S is highly efficient lithium rechargeable battery. Sulphur has one of the highest theoretical capacities for the cathode of lithium batteries in comparison with all other cathode materials in this kind of battery. Based on complete reactions with metal lithium to form Li 2 S, it has a theoretical specific capacity of 1675 mA h g -1 . [28] [29] [30] 
Li-S battery
The lithium-sulphur (Li-S) battery, which is composed of a sulphur composite cathode, a polymer or liquid electrolyte, and a lithium anode, is a promising candidate for high energy systems. Figure 2 presents a schematic configuration of a Li-S battery. It is based on the lithium/sulphur redox reaction, given by:
Assuming complete conversion, it has a high theoretical specific capacity of 1675mA h g −1 and a high theoretical specific energy of 2600 Wh kg -1 . 36, 37
Fundamental aspects of the Li-S battery
Sulphur is a promising positive electrode material for lithium batteries due to its high theoretical specific capacity of approximately 1675 mA h g -1 . The Gibbs energy of the Li/S reaction is more than five times the theoretical energy of a Li-ion system, ~ 2600 Wh kg -1 .
The concept of electrochemical energy conversion and storage utilizing sulphur as the positive electrode in an alkali metal anode battery dates back to the 1960s. 38 During recent decades, there has been strong incentive to develop a rechargeable Li/S battery. 39, 40 Many articles regarding the electrochemical properties of the Li-S cell, such as discharge capacity, 36, 41, 42 cycling, [42] [43] [44] and self-discharge 45 have been published.
Among the various types of rechargeable batteries, this system is a very attractive candidate, because of its high theoretical capacity, high theoretical power density and wide temperature range of operation. Moreover, elemental sulphur benefits from advantages such as natural abundance, low cost, excellent safety due to its intrinsic protection mechanism from overcharge, and its non-toxicity. [46] [47] [48] In the nature sulphur exists in more than 30 allotropes, and ring-structural cyclooctasulphur (S 8 ) is the most stable form. 28 In the discharge process of a fresh Li-S battery, an S-S covalent bond of S 8 is first broken to form a chain-structural polysulphide 9 (PS) anion (S x 2− , x = 8), and then it is further reduced into Li 2 S through multistage reactions. 49, 50 The reaction mechanism of a Li-S battery is different from that of commercial secondary lithium batteries with an intercalation-deintercalation mechanism in lithium metal oxide and graphite. Reduction of sulphur in a Li-S battery is a multistep electrochemical process that can be composed of different intermediate species. In general lithium metal reacts with sulphur (S 8 ) to produce lithium polysulphides with a formula of Li 2 S n . Long chain polysulphides are produced first, such as Li 2 S 8 and Li 2 S 6 , which are shortened during further reduction of sulphur. The final product of discharge is lithium sulphide (Li 2 S) and the overall reaction is given by Eq. 1. 39, 51 In this process, sulphur accepts electrons from an open-circuit voltage (OCV) to 2.1V, forming lithium polysulphide and then lithium polysulphide is reduced. From the viewpoint of phase transitions, the discharge can be divided into four stages, as follows:
I: Reaction of elemental sulphur with Li is given by:
II: A reaction between dissolved Li 2 S 8 and lithium is described as:
III: A transition from the dissolved Li 2 S 4 to insoluble Li 2 S 2 or Li 2 S by the coexistence of Eqs. 4 and 5:
IV: An equilibrium reaction of insoluble Li 2 S 2 and Li 2 S is described as:
Eq. 3, is the most complicated of the four stages because it is affected by both the solubility of the polysulphides in the electrolyte and the chemical equilibrium between each type of polysulphide in the solution. Therefore, this reaction is affected strongly by the type of electrolyte solvents. The outcome of stage III depends on the competition of Eqs. 4 and 5.
The final discharge products are mainly a mixture of Li 2 S 2 and Li 2 S. As Eq. 5, is the predominant reaction, the Li-S cell has high capacity with slightly lower discharge voltages and a shorter stage IV. Stage IV is kinetically slow and suffers from high polarization because of the non-conductive nature of Li 2 S 2 and Li 2 S. Figure 3 shows the voltage profile of the first discharge of a sample of Li-S cell. 52, 53 As the current density increases, both the discharge capacity and the plateau voltage decrease. X-ray diffraction analysis of discharged sulphur electrodes proves that at low current density, only Li 2 S peaks are displayed while at high current density, both elemental sulphur and Li 2 S peaks can be observed. The discharge capacity of the sulphur electrode greatly decreases after discharging at high current density due to under-utilization of the active material. 54 
Challenges for the Li-S battery
Although the Li-S battery has considerable advantages, it still suffers from a series of problems that have hindered its practical application. The discharge products precipitate during the second discharge step, covering the positive electrode surface and causing poor electrode rechargeability and capacity limitation. This is mainly linked to the passivation of the positive electrode. In fact the discharge stops when the surface is fully covered by these insulating species. 39, 55 The long-chain lithium polysulfides dissolve into the electrolyte and migrate to the anode to form lower-order polysulfides by reacting with lithium, and then they diffuse back to cathode to be deoxidized to a longer-chain. This causes the so-called internal precipitation. These problems contribute to the fast aging of electrodes and a quick fading of the practical specific charge of the battery. [56] [57] [58] Therefore, the Li-S battery is unsuitable for a high energy density primary battery that is required to have a long calendar life and service time. Another problem is the very poor electronic conductivity of sulphur, which causes poor electrochemical contact of the sulphur and leads to low utilization of active materials in the cathode. 3 The literature reports on different strategies that have been considered to improve Li-S battery electrochemical performance, mainly focused on the combination of a conductive matrix with sulphur to form a highly conductive composite. In recent years, carbon-based nanomaterials, including 0-D fullerene, 1-D carbon nanotube and 3-D graphite, have attracted a great deal of interest. 69, 70 Several research attempts have focused on the development of carbon/sulphur nanocomposites, in which sulphur particles were embedded in the nanopores of the conductive carbon matrix. They can increase both the electrical and ionic conductivity of the sulphur cathode while at the same time suppressing the polysulphide shuttle phenomenon. 40, 55, 71 Using nanostructured sulphur-carbon composite cathodes can considerably improve both the cyclability of the battery and the utilization of sulphur in the battery cycles. The pores in this structure not only act as micro-containers for the elemental sulphur that provides 13 sufficient contact to the insulating sulphur and promotes the electrical conductivity, but also facilitates the transport of Li ions during the electrochemical cycling and accommodates the produced polysulphides and sulphide ions during the electrochemical reactions. 3 Preparing a uniform mixture of carbon and sulphur or obtaining a composite of carbon-encapsulated sulphur requires multiple processing steps. Some related works will now be discussed.
Researchers have investigated the use of a sulphur cathode containing carbon nanotube (CNT) in a Li-S battery, and this has demonstrated great cycling stability and coulombic efficiency. 72 Composite cathodes containing a sulphur/acetylene black (AB) composite, in which the sulphur was embedded inside the nano-pores of the acetylene black, showed a high discharge capacity and good cycle performance. 73 A nano-sized S/PPyA (poly(pyrrole-co-aniline) ) composite delivered a high initial discharge capacity and acted as a good conductive matrix, a strong adsorbing agent, and as a firm reaction chamber for the sulphur cathode materials, and it improved both the capacity and cycling stability of the cathode. 60 It has been observed that the cycling life and specific capacity of the battery are improved when carbon nanofiber (CNF) is added into the sulphur electrode because CNF provides a good electrical connection and structural stability. 68, 74 Ji et al. 75 showed that loading S in to the porous CNF improves the battery performance. It provides both high conductivity and high surface area for S and reduces the PS solubility.
Also this structure can accommodate Sulphur volume changes. Figure 4 shows the SEM images for bare Sulphur and CNF-encapsulated sulphur electrodes. Figure 4 OMC composite exhibits excellent cycling performance compared to the bare S cathode. 46, 77 Applying spherical OMC-S as a cathode material provides a battery with high initial discharge capacity and cyclability. 78 Wang et al. 79 used microporous-mesoporous carbon which has a high adsorption capacity and conductivity as the sulphur immobilizer to provide a stable cathode and consequently a battery with good cyclability. Also cycle life of Li-S battery extends with encapsulated sulphur in mesoporous hollow carbon capsules. It showed 91% capacity retention after 100 cycles. 58 Recent reports suggest that a multi-wall carbon nanotube (MWCNT) is a promising conductive material that could improve the cycling performance of the Li-S battery. It provides the electrochemical reaction sites with a large interface area, between the MWCNTs and the lithium polysulphides, on which the electrochemical reaction can take place, and accommodates Li 2 S and Li 2 S 2 without clogging the pores in the cathode. [80] [81] [82] Choi et al. 50 reported an improved discharge capacity and cycle performance of a Li-S battery with a carbon coating on the surface of the sulphur, which enhanced the electrical contact and adsorption of the lithium polysulphide.
A breakthrough for Li-S batteries is the application of a Graphene-S cathode in the battery. [83] [84] [85] [86] [87] [88] Graphene is a material that could not be imagined 70 years ago. Research on graphene is very new, having explosively started in 2004 following the development of a simple technique to prepare a single-layer graphene sheet. 89 Graphene is single layer of sp 2 -hybridized carbon atoms found in graphite, known for its unusual electronic properties and possible applications. [90] [91] [92] In recent reports, twodimensional graphene has been considered as a potential electrode material for battery applications, due to its superior electrical conductivity, high surface area, and broad electrochemical window. In comparison to CNT and CNF, it is typically impurity-free and much cheaper. They have many applications in a variety of industries and research. [93] [94] [95] [96] An early example of an improvement achieved with graphene was the production of sulphurgraphene nano sheets (S-GNS) by heating a mixture of elemental sulphur and synthesized graphene nanosheets. The S-GNS composite showed a significantly improved capacity and cycle life compared to the pristine S cathode. 83 The use of graphene-wrapped sulphur particles as the cathode material in a Li-S battery has also been reported. 85 A functionalized graphene sheet-sulphur nanocomposite (FGSS) with sandwich-type architecture has been synthesized and studied as a possible cathode material for Li-S batteries. The unique composite structure and good conductivity of graphene contributes to the observed good cycling stability. 97 . Ji et al. 84 investigated on the graphene oxide-sulphur (GO-S) nanocomposite cathode that displays good reversibility and excellent capacity stability. This improved performance may be related to the reduction of GO by incorporation of S which improves the conductivity of the GO, and diminution of Li polysulfides dissolution due to mild interaction between GO and S. 98 The design and synthesis of sulphur cathode coated with reduced graphene oxide (RGO) has been reported where the carbon framework serves as a conductive layer and nanoelectrochemical reaction chamber. 99 A layer-structured sulphur-expanded graphite (EG) composite has been employed as a cathode in Li-S batteries to improve the electrochemical performance. 100 The EG maintains a layered structure similar to natural flake graphite with a higher surface area that provides sufficient contact to the insulating sulphur and improves the conductivity. Each layer of EG could be considered as a micro current collector to provide sufficient electrons for a reaction between the cathode materials and lithium ions. The development of graphene materials, and their applications in the electrochemical energy fields, is still in its infancy and many challenges remain.
A cathode should have uniform combination of active sulphur and conductive materials for better performance. Among the components in the sulphur cathode, the binder plays an important role in improving cell performance, especially in regards to the cycle life. A binder should not only have high adhesion between the electrode materials and the current collector, but should also facilitate electron transport and lithium ion diffusion because of the ability to form a good electric network between the active material and conductive carbon. 37 Kim et al. 101 investigated PTFE +CMC and PTFE + PVA as binder in Li-S battery. These cathodes have larger specific surface area with more contact area between the cathode materials and the electrolyte, leading to decreased interfacial resistance and consequently improved capacity. Jung et al. 51 studied the mixed polymer binder system of PVP and PEI in order to maintain the initial morphology of cathode during charge-discharge cycles to improve the cycle performance of battery. The cycling property of polyethylene oxide (PEO) and polyvinylidene fluoride (PVdF) binder with a carbon nanofiber is also investigated and proved that the capacity increased by applying binders. 74 Gelatine has been used as a binder in the sulphur cathode, which is electrochemically stable and functions as a highly adhesive which stabilize the structure of the cathode and effective dispersion agent for the cathode materials. 37 Table II lists the discharge capacity of improved Li-S batteries by applying different cathode materials. 
Advances in anode
The use of elemental lithium as the anode in Li-S batteries remains a major issue due to safety concerns arising from the formation of lithium dendrites during cycling, which can penetrate the separator and lead to thermal runaway. One way to avoid this safety problem in the Li-S system is to use a high-capacity anode material other than elemental lithium. Some 18 researchers have investigated this possibility. A novel lithium metal-free battery consisting of a silicon nanowire anode and a Li 2 S/mesoporous carbon composite cathode, with high theoretical specific energy, has been reported. 105 He et al. 30 Li negative electrodes have also been replaced by a Sn-C-Li alloy which demonstrated higher chemical stability towards sulphides. 106 Since lithium is so reactive, the protected Li anode was introduced to the Li-S battery to enhance the charge/discharge performance by reducing the growth of the solid electrolyte interface (SEI) layer and suppressing the reaction between the Li and soluble polysulphides.
A Li negative electrode with a Li-Al alloy layer can increase the cycle life of a battery. 107 The protection layer on the Li anode can be prepared using a UV cured polymerization method 42 It can be seen the protected anode has a smoother and denser surface morphology.
The protected anode can suppress the overcharge during the charge process and form a stable SEI layer which causes stable discharge capacity up to 100 cycles in battery. Liu et al. 108 used an anode of lithium-rich multiphase Li 2.6 BMg 0.05 alloy foil for Li-S battery. This alloy is composed of Li 5 B 4 , Li, and Li 3 Mg 7 and provides a battery with lower polarization and longer cycle life than the pure Li anode based battery due to its improved morphology. Figure 5 compares the surface morphology of a pure and alloyed anode. As shown in Figure 5 , lots of dendrites are detected on the pure Li surface after 70 cycles, while Li 2.6 BMg 0.05 anode inhibits the formation and growth of Li dendrites and shows a more homogeneous morphology. 19 
Development in electrolyte
For the successful operation of a Li-S battery, the electrolyte should have high ionic conductivity and enough PS solubility, electrochemical stability, chemical stability regarding the lithium, and safety. Also it should stabilize the chemical composition and structure of the sulphur cathode by suppressing dissolution of polysulphide. The capacity of a sulphur electrode is insufficient when using conventional organic liquid electrolytes due to the high solubility of polysulphides during both the charge and discharge processes. 109 A number of strategies have been explored to address the polysulfide solubility issue, including the design of adjusted organic liquid electrolytes, 110 the use of ionic liquid-based electrolytes, 111 and the application of polymer electrolytes. 112 Choi et al. 113 studied the effect of different liquid electrolyte combinations based on DME, DEGDME, TEGDME and DIOX on Li-S battery efficiency; and Chang et al. 43 researched on a mixed electrolyte of TEGDME and DOXL. It is found that a mixture of electrolytes is more suitable because of the lower viscosity and the better wetting of the electrodes which facilitate ion transportation. The electrochemical performance of Li-S battery has also been investigated using LiClO 4 DOL/DME as electrolyte and proved that an optimum mixture of these solvents led to better cycle performance. DME offers higher PS solubility and faster PS reaction kinetic, but high content of DME could increase the resistance of the battery due to the high solubility of polysulfide, whereas DOL could improve the interfacial contact between the electrodes and electrolyte. 114 Polymer electrolytes have attracted a great deal of research interest for use in the Li-S battery due to higher safety because of both the absence of flammable organic solvents and the much lower reactivity toward lithium; also they can control the dissolution of polysulphides. These electrolytes are divided into two groups: (i) Solid polymer electrolyte (SPE) in which polymer acts as both mechanical matrix and solvent to dissolve lithium salts; 20 (ii) Gel polymer electrolyte (GPE) in which a polymer is gelled by conventional electrolyte solutions. Here polymer only provides dimensional stability. GPE has been more attentiongrabbing due to higher ion conductivity and major manufacturers of Li-ion batteries have incorporated this electrolyte. 115 It has been reported that PEO with ceramic filler and lithium salts in the Li-S battery possesses good mechanical properties and ionic conductivity. This polymer electrolyte postpones diffusion of the lithium polysulphides and sulphur dissolution, leading to decreasing self-discharge, also the polar groups in the polymer chains can dissolve the ionic salts. 116, 117 Scrosati et al. 106 polymer. In another work the discharge process of Li-S with PVdF gel polymer electrolyte has been investigated. 118 The PVdF gel polymer electrolyte was prepared by LiCF 3 SO 3 as lithium-ion resource, tetraglyme as plasticizer, and PVdF as a gelling agent which shows a high first discharge capacity of 1268 mAh g -1 .
Another approach is using ionic liquid-based electrolytes. An ionic liquid of N-methyl-Nbutyl-piperidinium (PP14) was synthesized as an electrolyte in the Li-S battery and showed good chemical and electrochemical stability towards lithium and sulphur. The dischargeability and reversibility of battery were improved because of a stable structure of sulphur due to suppressed dissolution of polysulfides in the electrolyte. 111 Another efficient and economical strategy to modify electrode/electrolyte interface in Li batteries is using an additive at small concentration in the electrolyte. LiNO 3 is mentioned as an additive in electrolyte for Li-S batteries by Aurbach and his co-workers 119 . It this case, solvents, polysulphide and LiNO 3 additives reacted with lithium to form a protective surface film (SEI) on the surface of the Li anode; this layer not only protected the lithium anode from chemical reaction with the dissolved polysulphide but also prevented PS from 21 electrochemical reduction on the Li anode surface and inhibited the loss of active materials. 53, 120 . Although the cycle life and discharge capacity of the Li-S batteries improved, the safety was reduced because of the strong oxidation of LiNO 3 . Thus, a new additive to the electrolyte for Li-S batteries has been explored, LiBOB (lithium bis(oxalato) borate). 121 This is thermally more stable, and since its hydrolytic decomposition products are less toxic and corrosive, it is more environmentally friendly. In batteries with LiBOB, a passivating surface film on is formed on the lithium anode giving a higher discharge capacity, and a better cycle performance.
Application of Li-S battery in electric vehicles
Currently, the transportation sector is the main consumer of fossil fuels that are a contributing factor in global greenhouse gas (GHG) emissions. Over recent decades, extensive effort have been devoted to the development and introduction of electric drive vehicles, including both electric and hybrid vehicles (HEV), as a fundamental solution to the serious emission and pollution problems, to the benefit of society. 46, 122 In 1996 General Motors released the EV-1, the first all-electric car from a major manufacturer. 26 
Conclusions and outlook
In recent years, significant effort has been made to improve the performance of Li-S batteries as an electrochemical energy storage device with high power output/input, excellent cycle life and a low cost, for use in a number of applications ranging from portable electronics to electric vehicles. Although theoretically the energy density of Li-S cell is high, there are many challenges to be addressed before theory becomes practice. As highlighted in this review, such challenges are frequently rooted in materials discovery and optimization because the efficiency of a battery depends on the electrode and electrolyte performance.
This review presents the current status of the Li-S battery and discusses its challenges and its electrochemical reaction mechanism. Generally, one of the main problems of the Li-S battery is its poor cycle life, mainly caused by PS dissolving into the electrolyte. To overcome this hurdle, all cathodes, anodes and electrolytes should be modified. Research has demonstrated that applying a sulphur/carbon-based composite as the cathode has opened up a new way to Li-S batteries with high efficiency. Among of the many carbon-based materials, graphene provides hope because of its high electrical conductivity, high surface area and low cost. The Li metal anode can cause some safety problems. However, promising results have been achieved recently in Li/S battery efficiency by using a non-lithium metal anode such as silicon, or by applying protected anode technologies. As mentioned in this review, electrolyte has a direct effect on cell performance and various electrolytes have been investigated for the Li-S battery and, among these, polymer electrolytes have been regarded as good candidate for future researches on Li-S battery because of their safety and easy design and fabrication.
Although there has been promising progress, many aspects of Li-S batteries are not fully understood, and will require additional investigation. High initial capacities above 1000 mA h g -1 can be achieved with an improved cell, but maintenance of the initial cathode morphology is difficult. To overcome these issues, researchers are explore more profound mechanisms and reasons of the capacity fading in Li-S batteries after cycling. These issues will be solved when all the problems are identified. In addition, Li-S batteries have to compete with other energy conversion and storage technologies, such as fuel cells, which are promising energy devices for the transport, mobile and stationary sectors. Meanwhile, Sion Power Corporation is focusing on developing the commercial Li-S battery and claims that the Sion Power's Li-S will be the next rechargeable power source for a wide variety of applications, including unmanned vehicle systems, military communications and electric vehicles.
The ultimate goal is to develop a low-cost, high-throughput, environmentally friendly battery. In order to reach this ambitious goal, there must be a better understanding of the current situation with Li-S batteries. This review may provide some new insights and opportunities into the challenges in this area, and so help move towards a commercially available Li-S battery. (written permission has been obtained from the previous publisher). 
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